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High-resolution numerical simulations of a tethered model bumblebee in forward flight are per-
formed superimposing homogeneous isotropic turbulent fluctuations to the uniform inflow. Despite
tremendous variation in turbulence intensity, between 17% and 99% with respect to the mean flow,
we do not find significant changes in cycle-averaged aerodynamic forces, moments or flight power
when averaged over realizations, compared to laminar inflow conditions. The variance of aerody-
namic measures, however, significantly increases with increasing turbulence intensity, which may
explain flight instabilities observed in freely flying bees.
Insect flight currently receives considerable atten-
tion from both biologists and engineers. This grow-
ing interest is fostered by the recent trend in minia-
turization of unmanned air vehicles that naturally
incites reconsidering flapping flight as a bio-inspired
alternative to fixed-wing and rotary flight. For all
small flyers it is challenging to fly outdoors in an
unsteady environment, and it is essential to know
how insects face that challenge.
Field studies show variations of insect behavior
with changing weather conditions, including the at-
mospheric turbulence [1]. Earlier laboratory re-
search on aerodynamics of insect flight assumed qui-
escent air, and only some more recent experiments
focused on the effect of different kinds of unsteady
flows. The behavior of orchid bees flying freely in
a turbulent air jet has been studied in [2]. The au-
thors found that turbulent flow conditions have a
destabilizing effect on the body, most severe about
the animal’s roll axis. In response to this flow, bees
try to compensate the induced moments by an ex-
tension of their hindlegs, increasing the roll moment
of inertia. Interaction of bumblebees with wake tur-
bulence has also been considered in [3]. These ex-
periments were performed in a von Kármán-type
wake behind cylinders. The bees displayed large
rolling motions, pronounced lateral accelerations,
and a reduction in their upstream flight speed. In
[4] a comparative study on the sensitivity of honey-
bees and stalk-eye flies to localized wind gusts was
performed. The study found that bees and stalk-
eye flies respond differently to aerial perturbations,
either causing roll instabilities in bees or significant
yaw rotations in stalk-eye flies. In [5] feeding flights
of hawkmoths in vortex streets past vertical cylin-
ders were analyzed. Depending on distance of the
animal from the cylinder and cylinder size, desta-
bilizing effects on yaw and roll and a reduction in
the animal’s maximum flight speed have been ob-
served. Kinematic responses to large helical coher-
ent structures were also found in hawkmoths flying
in a vortex chamber [6]. A study on the energetic
significance of kinematic changes in hummingbird
feeding flights further demonstrated a substantial
increase in metabolic rate during flight in turbulent
flows, compared to flight in undisturbed laminar in-
flow [7, 8]. All studies reported significant changes
in the behavior of insects when they fly in turbu-
lent flows and incite the question if, and how, the
efficiency of flapping wings changes. It is critical to
understand whether the aerodynamic challenge in-
sects face when flying through turbulence is due to
the elevated power requirements and reduced force
production, or rather limited capacity of flight con-
trols. Experiments with freely flying animals in-
volve complex, sensory-dependent changes in wing
kinematics and wing-wake interaction. To isolate
specific effects of turbulence on aerodynamic mech-
anisms and power expenditures in flight, direct nu-
merical simulations are well suited tools. However,
to determine statistical moments of the forces and
torques acting on the insect, a sufficient number of
flow realizations needs to be computed, owing to the
generic randomness of turbulence.
In this Letter, we present the first direct numeri-
cal simulations of insect flight in fully developed tur-
bulence, using a model bumblebee based on [9]. We
address the question of how turbulence alters forces,
moments and power expenditures in flapping flight.
Since bumblebees are all-weather foragers, they en-
counter a particularly large variety of natural flow
conditions [3]. We consider our model bumblebee
in forward flight at 2.5 m/s, flapping its rigid wings
(Fig. 1A) at a Reynolds number of 2042. To con-
duct the simulation, we designed a ‘numerical wind
tunnel’ and placed the animal in a 6R × 4R × 4R
large, virtual, rectangular box, where R = 13.2
mm is the wing length. The computational do-
main is discretized with 680 million grid points and
the incompressible three-dimensional Navier–Stokes
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Figure 1. Bumblebee in turbulent flow. (A) Visualization of the prescribed wingbeat, where T is period time. (B-D)
Time evolution of horizontal (B) and vertical (C) force, and aerodynamic power (D) under laminar, moderately
turbulent (Tu = 0.33) and highly turbulent (Tu = 0.99) conditions. Circular markers represent cycle-averaged
values. (E-F) Flow visualization by means of isosurfaces of normalized vorticity magnitude ‖ω‖. (E) Perspective
view for a realization with Tu = 0.33. The purple and blue isosurfaces visualize stronger and weaker vortices,
respectively, and weaker vortices are shown only for 3.7R ≤ y ≤ 4R. (F) Top view, with the upper half showing flow
at elevated turbulent (Tu = 0.99), and the lower half at moderate turbulent (Tu = 0.33) intensity. Weaker vortices,
i.e., smaller values of ‖ω‖, are shown only for 0 ≤ z ≤ 0.3R.
equations are solved by direct numerical simula-
tion [10]. An imposed mean inflow velocity ac-
counts for the forward flight speed of the tethered
insect, with superimposed velocity fluctuations in
the turbulent cases. Since the actual properties of
these aerial perturbations depend on a large num-
ber of parameters, we model them by homogeneous
isotropic turbulence (HIT) [11, 12]. This is a rea-
sonable assumption for the small turbulent scales
relevant to insects. In addition, HIT is a well estab-
lished type of turbulence which reduces the set of
parameters to the turbulent Reynolds number Rλ.
Insect flight can thus be studied from laminar to
fully-developped turbulent flow conditions, yielding
time series of aerodynamic measures (Fig. 1B-D),
as well as the flow data (Fig. 1E-F). Further details
on the model and the simulations can be found in
the supplementary material [13].
First, we focus on the wake pattern generated by
the insect in laminar inflow. This case serves as
reference for the turbulence simulations and pro-
vides quantitative data on vortical flow generated
by the flapping wings. Fig. 1B-D shows how
body weight-normalized lift and thrust, and body
mass specific aerodynamic power vary throughout
the flapping cycles. Force and power peak dur-
ing the stroke reversals, as observed in [14]. The
cycle-averaged flight forces obtained from this simu-
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Figure 2. Slab averaged turbulence intensity as a func-
tion of the axial coordinate, with the insect drawn to
scale for orientation. Black line is the laminar case. The
gray shaded areas mark regions where the in- and out-
flow is imposed.
lation are summarized in table I. The data show that
the bumblebee model produces lift that matches
the weight to within 2%, but 8% more thrust than
required to compensate for free stream velocity.
These slight discrepancies result from the uncer-
tainty of the input parameters. The aerodynamic
power required to actuate the wings is 84 W/kg
body mass. This is larger than the value reported
in [15] (56 W/kg body mass), which may be ex-
plained by the differences in the wing kinematics
and the aerodynamic models employed. Mean mo-
ments about the three rotational body axes do not
significantly differ from zero suggesting a torque bal-
anced force production. The turbulence intensity,
Tu = u′/u∞, is the root mean square (RMS) of
velocity fluctuations normalized to flight velocity.
Fig. 2 presents slab-averaged turbulence intensity
〈Tu〉 = ´ y0+1.3R
y0−1.3R
´ z0+1.3R
z0−1.3R Tu(x, y, z)dydz/ (2.6R)
2
as a function of the downstream distance. The black
line corresponds to the laminar case. The subdo-
main used for averaging is centered around the in-
sect (y0 = 2R, z0 = 2R). Complementary 3D visu-
alizations of the wake can be found in the supple-
mentary material [13]. The data show that the bum-
blebee model generates relative intensities of 25%
at the wings and approximately 16% at five wing
lengths downstream distance. This finding indi-
cates that relevant turbulence intensities are larger
than 16%, which is well above the inflow turbulence
considered in investigations concerning airfoils, typ-
ically below 1% [16].
Second, we study the model insect in turbulent
inflow considering four different turbulence intensi-
ties, with turbulent Reynolds numbers Rλ = λu′/ν
ranging from 90 to 228. Here u′ is the RMS veloc-
ity, λ the Taylor micro scale, varying between 0.25R
and 0.1R, and ν is the kinematic viscosity of air.
The properties of the inflow data are summarized in
table II. For all tested intensities, the Kolmogorov
length scale of small, dissipating eddies, `η, is sig-
nificantly smaller than the wing length. The length
scale of energy carrying structures, the integral scale
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Figure 3. Top: Isosurface of normalized absolute vor-
ticity, ‖ω‖ = 100, in the vicinity of the right wing at
t/T = 0.3. Snapshots of instantaneous vorticity distri-
bution during laminar and turbulent inflow is shown on
the left. Phase- and ensemble averaged vorticity from
16 and 108 wing beats and at Tu = 0.17 and Tu = 0.99,
respectively, is shown on the right. Bottom: averaged
‖ω‖ = 50 isolines at mid-span for all values of Tu.
The leading edge vortex persists on average even under
strongest inflow perturbations.
Λ, is similar to the wing length. The latter is ex-
pected to maximize the impact of turbulence on the
insect, while the former suggests that all vortices
generated by the insect interact nonlinearly with in-
flow perturbations. To obtain statistically reliable
mean values and variances, we perform NR simula-
tions. Fig. 1E-F illustrates the flow under turbulent
inflow conditions for Tu = 0.33 and 0.99 relative in-
tensity. It shows that weak turbulence is associated
with relatively coarse flow structures in the inflow.
In contrast, flow patterns near the wings are sim-
ilar in size and intensity to the structures present
in the inflow at strong turbulence. The streamwise
slab-averaged turbulence intensity (Fig. 2) is in-
creased by the flapping wings for Tu equal to 0.17
and 0.33, while it remains constant or is decreased
for Tu equal to 0.63 and 0.99. The lower two values
can thus be referred to as mild turbulence.
The considered range of turbulent Reynolds num-
bers covers the flow regime that a bee typically en-
counters in its natural habitats. Bumblebees have
been reported to fly at wind speeds of 8 m/s [17].
At this speed, habitats with cylindrical trees of
about 10 cm in diameter yield turbulent Reynolds
numbers in the range considered here. Fig. 1B-D
shows that lift, thrust and power of single simu-
lation runs at turbulent conditions differ from the
measures obtained for the laminar case. However,
the generic features of the data, i.e., the location of
peaks and valleys are similar under all tested flow
conditions, see section IA of supporting material.
Wingbeat-averaged and ensemble-averaged data in-
cluding statistics are shown in table I. The mean val-
4ues demonstrate only negligible differences between
turbulent and laminar flow conditions and even at
the strongest turbulent perturbation, the bumble-
bee model generates mean aerodynamic forces close
to those derived in unperturbed inflow, at virtu-
ally the same energetic cost. This aerodynamic ro-
bustness of insect wings is in striking contrast to
the properties of streamlined airfoils that are highly
sensitive to the laminar-turbulent transition [16].
Fig. 3 shows the vortical structure at the wing at
t/T = 0.3, represented by the ‖ω‖ = 100 isosurface
of normalized vorticity ω = (∇× u) /f . The lami-
nar case is a snapshot of the flow field, while turbu-
lent data are phase-averaged over Nw independent
strokes for each value of Tu (see table II). Although
turbulence alters shape and size of the wing’s tip
vortex, the leading edge vortex remains visible in
phase-averaged flow fields even at maximum inflow
turbulence intensity.
Previous studies highlighted that turbulent flows
may destabilize body posture of an insect [2]. Roll,
in particular, is prone to instability because the
roll moment of inertia is approximately four times
smaller than about the other axes. Our results in ta-
ble I show that mean aerodynamic moments about
yaw, pitch, and roll axes do not change with in-
creasing turbulence. However, we observe charac-
teristic changes in moment fluctuation. Assuming
that during perturbation the insect begins to rotate
from rest at time t0, we may approximate the final
angular roll velocity from
Ωroll(t0 + τ) =
1
Iroll
ˆ t0+τ
t0
Mroll(t) dt, (1)
with Mroll the roll moment, Iroll the roll moment
of inertia with respect to the body x-axis, and τ
the response delay (see below) [18]. The maximum
turbulence-induced roll velocity that a freely fly-
ing bumblebee encounters depends on the reaction
time of the animal in response to changes in body
posture. Many insects compensate for posture per-
turbations by asymmetrically changing their wing
stroke. Previous studies on freely flying honeybees
reported response delays of approximately 20 ms or
4.5 stroke cycles, suggesting the use of ocellar path-
ways for body stability reflexes in this species [4].
To predict the maximum delay that allows a bum-
blebee to recover from turbulence-induced roll, the
response delay in equation (1) is set to τ = 2, 3,
and 4 stroke periods. Fig. 4 shows how the RMS
final roll velocity increases under these conditions
with increasing turbulence intensity. Previous be-
havioral measurements provide an estimate of the
body angular velocity from which insects can resta-
bilize in free flight. Fig. 4 thus predicts that bum-
blebees recover form turbulence-induced roll mo-
tions up to Tu = 0.63 assuming response delays
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Figure 4. RMS value of the final roll angular velocity
Ωroll versus the inflow turbulence intensity, calculated
over all flow realizations. Colors correspond to different
response delay times τ . The gray shaded area repre-
sents the limit of sensor saturation, estimated from the
behavioral measurements available for honeybees [4] and
fruitfies [19].
between two and four stroke periods. In contrast,
posture recovery at Tu = 0.99 requires reduced re-
action times of not more than two cycle periods, im-
plying that bumblebees cannot achieve stable flight
at Tu = 0.99. This conclusion is consistent with ex-
perimental observations of orchid bees crashing in
strongly turbulent flows when flying freely [2].
In conclusion, high-resolution numerical experi-
ments of a bumblebee in perturbed forward flight
highlighted several unexpected results with respect
to alterations in aerodynamic forces, flight stability,
and aerodynamic power expenditures. The simu-
lations imply that even strongest background tur-
bulence does not vitally harm structure and effi-
cacy of the lift-enhancing leading edge vortex and
thus averaged forces and moments are almost iden-
tical compared to laminar flow conditions. Turbu-
lent inflow conditions are thus of little significance
for the overall flight performance of an animal in
tethered flight. However, these fluctuations cause
temporal transient effects. Thus, in a freely flying
insect in which the body may rotate, absolute angu-
lar velocities about yaw, pitch, and roll axes might
reach elevated values, which in turn would require
decreasing reaction response delays for body stabi-
lization with increasing turbulence. Owing to its
small moment of inertia, roll is especially prone to
turbulence-induced fluctuations.
An important consequence of body roll is the de-
flection of the wingbeat-averaged resultant aerody-
namic force from the vertical direction. Thus, at
large roll angles, the animal must increase the mag-
nitude of this force so that its vertical component
can support the weight of the insect, at the cost of
larger aerodynamic power. Incidentally, it has been
reported that hummingbirds increase the wingbeat
frequency and amplitude [8]. The finding that an
5Tu Forward force
Fh
Vertical force
Fv
Aerodynamic
power Paero
Moment Mx
(roll)
Moment My
(pitch)
Moment Mz
(yaw)
0 −0.08±0.0 ± 0.0 1.02±0.0 ± 0.0 84.05±0.0 ± 0.0 0.00±0.0 ± 0.0 0.01±0.0 ± 0.0 0.00±0.0 ± 0.0
0.17 −0.10±0.04 ± 0.08 1.04±0.09 ± 0.18 83.72±1.77 ± 3.61 −0.01±0.01 ± 0.03 +0.00±0.02 ± 0.03 −0.01±0.02 ± 0.03
0.33 −0.06±0.09 ± 0.18 1.10±0.10 ± 0.21 85.02±2.03 ± 4.14 −0.01±0.04 ± 0.08 −0.01±0.03 ± 0.06 +0.04±0.02 ± 0.05
0.63 +0.02±0.10 ± 0.29 1.04±0.13 ± 0.40 83.32±3.13 ± 9.57 −0.02±0.04 ± 0.12 +0.02±0.04 ± 0.12 +0.07±0.04 ± 0.13
0.99 −0.10±0.07 ± 0.37 1.01±0.10 ± 0.54 85.44±1.98 ± 10.47 +0.01±0.04 ± 0.19 −0.04±0.03 ± 0.13 −0.03±0.04 ± 0.21
Table I. Aerodynamic forces, power and moments obtained in the numerical experiments. Forces are normalized
by the weight mg, moments by mgR, power is given in W/kg body mass. Values are given by mean value x, 95%
confidence interval δ95 and standard deviation σ in the form x±δ95 ± σ.
Rλ Tu `η λ Λ NR Nw
90.5 0.17 0.013 0.246 0.772 4 16
130.1 0.33 0.008 0.179 0.782 4 16
177.7 0.63 0.005 0.129 0.759 9 36
227.9 0.99 0.004 0.105 0.759 27 108
Table II. Parameters of inflow turbulence used in sim-
ulations. The Kolmogorov length scale `η, the Taylor
micro λ and the integral scale Λ are normalized by the
wing length R. For each value of Tu, a number of NR
realizations has been performed, yielding in total Nw
statistically independent wingbeats.
increase in inflow turbulence intensity has no sig-
nificant effect on power expenditures for tethered
flight is surprising and significant with respect to
flight endurance and migration of insects. Since it
has been suggested that flight of insects is limited
by power rather than force production [20], any bio-
logical and physical mechanisms that help an insect
to limit its wing and body drag-dependent power
expenditures is of great value and may increase the
animal’s biological fitness.
As the leading edge vortex is a common feature in
many flapping flyers, we expect these conclusions to
generally hold also at different flight speeds and for
other species as well. This is also suggested by our
supplementary results [13] obtained with different
morphology, kinematics and Reynolds number.
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